The gas-phase reactivity of ionized nitrile sulfides, R-C §N ϩ -S • , towards neutral pyridine was studied both experimentally (six sector hybrid mass spectrometer) and theoretically (density functional theory and Møller-Plesset ab initio calculations). An ionized sulfur atom transfer and a cycloaddition process respectively yielding ionized pyridine N-thioxide and a thiazolopyridinium cation were observed. Whereas the very efficient S
The gas-phase reactivity of ionized nitrile sulfides, R-C §N ϩ -S • , towards neutral pyridine was studied both experimentally (six sector hybrid mass spectrometer) and theoretically (density functional theory and Møller-Plesset ab initio calculations). An ionized sulfur atom transfer and a cycloaddition process respectively yielding ionized pyridine N-thioxide and a thiazolopyridinium cation were observed. Whereas the very efficient S
•ϩ transfer reaction probably involves the intermediacy of several ion-molecule complexes, the thiazolopyridinium ion formation is likely to be initiated by an electrophilic attack of the R-C §N Positively-charged distonic ions have been the focus of intense gas-phase and computational research since the discovery in 1984 that these ions are surprisingly stable, and sometimes even more stable than their conventional counterparts [1, 2] . It was also demonstrated that many conventional radical cations can isomerize into their distonic isomeric structures, spontaneously [3] or via the intermediacy of ion-molecule reactions [4] . Numerous other distonic ions have been purposely produced through complex MS n procedures to address several fundamental chemical questions [5] .
Most of the associative ion-molecule reactions observed when the reactive ion is a distonic species involve a homolytic bond cleavage in the neutral reagent, leading to the abstraction of an atom or a radical by the ion. Many of these reactions are likely to be catalyzed by the charge site. Indeed, initial bond formation at the charge site stabilizes the collision complex and this bonding may also favorably position the neutral molecule for the subsequent radical reaction [6] . Transfer of charged odd-electron groups are also very common for distonic cations. For instance, ionized carbonyl ylide,
• CH 2 -O-CH 2 ϩ ions, generated by ionization-induced ring opening of oxirane [7] , readily transfer an ionized methylene, CH 2 •ϩ , to several nucleophilic molecules [8] . A recent study by Eberlin revealed that distonic acylium ions display, using appropriate neutral reagents, a rich dual reactivity; they react selectively as either free radicals with inert charge sites, or (and more pronouncedly) as acylium ions with inert radical sites. Such radical cations thus display, in a single molecule, dual free radical and ion reactivity [9] . In 1997, Eberlin also found out a third kind of reactions between distonic ions and neutral molecules, namely a 1,3-cycloaddition between
• CH 2 -O-CH 2 ϩ ions and carbonyl compounds [10] . This was the first cycloaddition reaction involving an ionized 1,3-dipole observed in the gas phase. More recently, we shown that the interaction between ionized nitrile oxides and several neutral nitriles allows the preparation of substituted azirinyl cations. This reaction was proposed to occur via cyclic intermediates such as ionized nitrosoazirines or ionized 1,2,4-oxadiazoles [11] . The bimolecular associative reactivity of the R-C §N ϩ -X • ions (X¢O, S and Se) has been previously extensively studied and the observed reactions often consist in the transfer of the X
•ϩ group to the neutral molecule [12] .Therefore, the azirinyl synthesis is an exception to the general reactivity of this kind of distonic ions.
Another peculiar reaction was observed when investigating the reaction between ionized nitrile sulfides and pyridine. Beside the always-dominant S
•ϩ transfer, the interaction between R-C §N ϩ -S • ions and pyridine also leads to an even-electron species corresponding to the addition of the ion to the neutral molecule, followed by the loss of one hydrogen atom. The gas-phase chemistry of ionized nitrile sulfides (R¢CH 3 , Cl and NC) with pyridine constitutes the subject of the present report. It has been experimentally investigated on a sector-quadrupole-sector hybrid mass spectrometer. A theoretical ab initio study has also been undertaken in order to support the experimentally derived conclusions.
Experimental and Theoretical Methods

Methods
The mass spectrometric experiments were performed on a large scale tandem mass spectrometer (Micromass AutoSpec 6F, Manchester, UK) having a c1E1B1c2E2c3c4E3B2c5E4 geometry, where E stands for electric sector, B for magnetic sector, and c for the collision cells [13] . Typical conditions were 8 kV accelerating voltage, 1 mA emission current (in the chemical ionization mode), 200 A (in the electron ionization mode), and 70 eV ionizing electron kinetic energy. The solid samples were introduced with a direct insertion probe, whereas the liquid samples were injected into the ion source via a heated septum inlet (180°C). This instrument has been modified with an rf-only quadrupole collision cell between E 2 and E 3 as reported elsewhere [13b] . This modification allows the study of associative ion-molecule reactions of decelerated ions having about 5 eV kinetic energy. Briefly, the experiments utilizing the quadrupole consist of the selection of a beam of fast moving ions (8000 eV) with the three first sectors and the deceleration of these ions to approximately 5 eV before entering the quadrupole in order to maximize the yields of the associative ionmolecule reactions between the ions and the neutral reagent (pressure estimated to be ca 10 Ϫ3 Torr). After reacceleration to 8000 eV, all the ions generated in the quadrupole cell are separated and mass-measured by scanning the field of the second magnet. The highenergy CA spectra of mass-selected ion-molecule reaction ionic products can be recorded by a linked scanning of the fields of the last three sectors (collision in c 4 ) or by scanning the field of the last electric sector after mass-selection by the second magnet and collision in the fifth (c 5 ) collision cell.
All the compounds considered in this work were commercially available and were used without any further purification, except 3,4-dicyano-1,2,5-thiadiazole that was prepared according to a procedure described in the literature [14] .
Calculations
Standard ab initio and density functional theory calculations were performed using the GaussianW 98 suite of programs [15] . Geometries were optimized by density functional theory using Becke's hybrid functional (B3LYP) and the 6-31ϩG(d,p) basis set. Spin-unrestricted calculations were used for open-shell systems. Spin contamination in the UB3LYP calculation was small as judged from the ϽS 2 Ͼ operator expectation values that were 0.75-0.77. The optimized structures were characterized by harmonic frequency analysis as local minima (all frequencies real). The B3LYP/6-31ϩG(d,p) frequencies were scaled by 0.963 and used to calculate zero-point vibrational energies (ZPE). Singlepoint energies were calculated at several levels of theory. In one set of calculations, MP2 and B3LYP energies were calculated with the larger 6-311ϩG(2df,p) basis set. Spin contamination in the UMP2 calculations was sometimes substantial. Spin annihilation using the Schlegel's projection method (PMP2) reduced the ϽS 2 Ͼ values to 0.75-0.88 for local minima [16] . The (P)MP2 energies were averaged with the B3LYP energies according to the empirical procedure that was introduced previously by Turecek et al. [17] . The so-denoted B3-(P)MP2 scheme relies on cancellation of errors inherent to B3LYP and MP2 calculations. The theoretical background of this scheme was recently presented by Pople and co-workers [18] . Mulliken populations were obtained from B3LYP/6-31ϩG(d,p) calculations.
Results and Discussion
Pyridine N-thioxide radical cations (1 •ϩ ) have been generated in the gas phase by reacting CS 3
•ϩ radical cations with neutral pyridine either in the chemical ionization source or in the rf-only quadrupole cell installed on our six sectors instrument [19] . Radical cations 1
•ϩ were differentiated from the isomeric mercaptopyridine molecular ions by collisional activation and associative ion-molecule reactions.
Ionized nitrile sulfide were also shown to be able to transfer an ionized sulfur atom to several neutral molecules, such as nitriles or nitric oxide [20] . In the present work, the bimolecular interaction between neutral pyridine and ionized cyanogen chloride sulfide, Cl-
•ϩ , was attempted and was shown to predominantly lead to transfer of S
•ϩ to the neutral reactant, yielding 1
•ϩ ions, see Scheme 1. In addition, starting from Cl-C §N ϩ -S • and NC-C §N ϩ -S • radical cations, other ion-molecule reaction products were also detected and formally correspond to (i) the transfers of respectively Cl ϩ or NC ϩ to neutral pyridine and to (ii) the addition of the ion to the neutral molecule, followed by the loss of an hydrogen atom, see Table 1 . •ϩ , followed by the loss of an hydrogen atom (m/z 171), see Figure 1a and Table 1 . The m/z 111 and 114 products were easily identified on the basis of previous MS/MS studies, as their consecutive CA spectra were in keeping with the fragmentation expected for pyridine N-thioxide [19] and pyridine N-chloride [22] ) molecular ions, respectively. M/Z 67 and 84 ions, also generated in the quadrupole, are respectively ionized pyrrole and thiophene and arise from unimolecular dissociations of pyridine thioxide ions [19] .
Ion-molecule Reactions Between Cl-C §N
The calculated ionization energy of cyanogen chloride sulfide (IE ϭ 8.79) [21] is significantly lower than the IE of pyridine (9.25 eV) [23] . Therefore, the unexpected observation of the charge exchange reaction can be attributed to the lack of efficient thermalization of the reactive ions prior to the reaction. As suggested by a referee, ionization of pyridine could also come from its reaction with another ion than ClCNS
•ϩ . However, in order to confirm this assumption, we should calculate the recombination energies of all the ions present in the quadrupole and this is of course not the topic of the present work. Beside the charge exchange process, protonated pyridine (m/z 80) was also produced. This protonation reaction, at first sight surprising as the mass-selected ions do not carry any hydrogen atom, probably results from the interaction between neutral pyridine and ionized pyridine generated in the charge exchange reaction. The same observation was also made by Eberlin when studying the interaction between O¢C¢C¢N ϩ ¢O and pyridine. In that case, the signal corresponding to protonated pyridine was the most intense signal in the recorded double-stage product spectrum [24] .
The structure assignment of the m/z 171 ions is not straightforward because it is not possible to immediately derive the ionic structure on the basis of the CA spectrum alone (Figure 1b) . It would be very instructive to unambiguously identify the leaving hydrogen atom and the use of pyridine-d 2,6 could be very helpful in this context. The interaction between ClCNS
•ϩ ions and the labeled pyridine was then performed in the quadrupole cell and the ion-molecule reaction products were observed at the mass-to-charge ratios expected on the basis of the labeling. Indeed, the signals were detected at m/z 113, 116 and 139, for the S ions to labeled pyridine followed by the loss of a deuterium atom, the loss of an hydrogen atom gives rise to the less intense m/z 173 signal. Because the ratio m/z 172/m/z 173 (ϭ 4.0) has to be corrected for the isotopic contribution of the m/z 172 signal (about 5%) and because it is expected that the loss of D •ϩ , compared to the loss of H
•ϩ , could be affected by a significant kinetic isotopic effect, it seems reasonable to assume that the loss of an hydrogen atom from the addition product between ClCNS
•ϩ and pyridine selectively involves the hydrogens 2 and 6 of the pyridine ring. This is confirmed by the investigation, in the CI source, of the interactions between ClCNS
•ϩ ions and 2-picoline (2-methylpyridine), 2,6-lutidine (2,6-dimethylpyridine), and 2(3)-bromopyridines. Indeed, a methyl radical is lost from the encounter complex between 2-picoline or 2,6-lutidine and the reactive ions, whereas the addition product between 2-bromopyridine and ClCNS
•ϩ ions only expels a bromine atom. On the other hand, the loss of an hydrogen atom is observed when the neutral molecule is 3-bromopyridine. Pyridine has already been used to investigate the chemistry of distonic ions, such as
• CH 2 -O-CH 2 ϩ ions [8, 25] . This interaction was shown to yield 1-methylenepyridinium ion via a reaction pathway requiring no energy barrier. In the same vein, Kenttämaa et al. [6b] recently demonstrated that the electrophilic addition of a cation to a lone electronic pair of a nucleophilic molecule is a barrierless process, whereas a radical addition requires unpairing the lone pair of electrons and thus involves a barrier. In the case of distonic ions (ion ϩ radical), that means that such an addition reaction preferentially occurs at the charge site rather than at the radical site, provided there is no coordinative saturation at the charge site. As far as ionized nitrile sulfides are concerned, prior to discussing the reaction mechanisms, we have to establish the charge distribution of the ions in order to check the chemical availability of the charge sites. Therefore, we optimized the geometries of the three reactive ions used in this work by performing ab initio calculations at the B3LYP/6-31ϩG(d,p) level of theory. The results are presented in Scheme 2. From these calculations, it is immediately concluded that R-C ϩ ¢N-S • can be considered as one of the best descriptions of the reality because (i) the spin density of the ions is concentrated on the sulfur atom, (ii) there is no positive charge on the nitrogen atom, (iii) the C-N bonds are longer than a regular C §N triple bond (1.161 Å, calculated for acetonitrile at the same level of theory) but shorter than a C¢N double bond (1.272 Å, calculated for H 2 C¢N-H at the same level of theory), and finally, (iv) the N-S bonds are longer than a regular NϭS double bond (1.580 Å, calculated for H-N¢S at the same level of theory) but shorter than a N-S single bond (1.741 Å, calculated for NH 2 -SH at the same level of theory). There is thus no coordinative saturation at the charge site. Such a situation would have been concluded for the R-C §N ϩ -S • mesomeric structure. Nevertheless, the positive charge density is also very important on the sulfur atom, see Scheme 2. That means that, together with the positive-charged carbon atom described by the R-C ϩ ¢N-S • mesomeric structure, the sulfur atom represents another highly reactive electrophilic center. The ionized sulfur transfer reaction can then be explained on the basis of an initial sharing of S
•ϩ by both the nucleophilic species, pyridine and cyanogen chloride, see Figure 3 and Scheme 3a.
The reaction leading to m/z 171 ions is likely to be initiated by an electrophilic attack of the distonic ion on the lone electronic pair of pyridine, leading to a C-N bond formation, see Scheme 3b. Such a bonding has been already described since the addition of (O¢C¢N ϩ ¢C¢O 7 O¢C ϩ -N¢C¢O) to pyridine leads to the [pyridine-C(NCO)¢O] ϩ cation [24] . The intermediate ion can then develop, via a radicalar substitution of an ␣-hydrogen atom by the sulfur radical, towards a bicyclic thiazolopyridinium cation, 2 ؉ . The initial bonding at the pyridine ring nitrogen atom would explain the selectivity of the leaving hydrogen atom. A quite similar mechanism, involving an initial bonding at the charge site followed by a radicalar reaction, was proposed by Kenttämaa to explain the reactivity of
ϩ ¢O distonic ion with several neutral reagents such as dimethyl disulfide, acetone, acetic acid and alkyl iodides [26] .
The CA spectrum (Figure 1b HCN) , m/z 69, 57, 51, 45 and 39. All these peaks are also observed in the CA spectrum of authentic pyridine-2-thiyl cations, obtained in the EI source by loss of an hydrogen atom from the molecular ions of 2-mercaptopyridine. The production of the thiazolopyridinium cation, 2 ؉ , also find some support from theoretical calculations since the investigation of its geometry, at the B3LYP/6-31ϩG(d,p) level of theory, reveals that the bicyclic planar structure, depicted in Figure 4 , is a minimum on the energy surface.
A theoretical approach of the reactions leading to m/z Scheme 2 all the energetic data being summarized in Table 2 . First of all, these processes were calculated to be exothermic, respectively Ϫ154 kJ mol Ϫ1 and Ϫ144 kJ mol Ϫ1 for the reactions leading to pyridine-S
•ϩ (1 •ϩ ) and thiazolopyridinium ions (2 ؉ ). These findings are of course totally in keeping with the observation of the corresponding products, since exothermic reactions are always favored in the gas phase. In addition, at the level of theory used in this work, we have identified plausible intermediates on the way to these ion-molecule reactions products. First, the thiazolopyridinium cation, 2 ؉ , can be generated via the intermediacy of a bicyclic compound, 2H
•ϩ , simply resulting from the addition of ClCNS
•ϩ to pyri- 
Scheme 3
dine and subsequent ring closure by S-C bond formation but without the loss of the hydrogen atom. These non-planar bicyclic ions, 2H
•ϩ , are located 32 kJ mol
Ϫ1
below the thiazolopyridinium cations (plus an hydrogen atom). The initial adduct between pyridine and Cl-C §N ϩ -S • , 2A
•ϩ , is also calculated to be a local minimum on the potential energy surface, lying at Ϫ250 kJ mol Ϫ1 below the reactants. The different transition states were not approached in the present work and the heights of their representations in Figure 3 cannot be taken into account.
The dominant ionized sulfur atom transfer reaction can be described by a double-well potential curve as shown in Figure 3 . The first ion-molecule complex, 1A
•ϩ , presents some interesting geometrical information, see Figure 4 : (i) the angle between the pyridine ring and the ClCNS linear species amounts to 103°, (ii) the N-S bond in the Cl-C §N-S moiety is somewhat longer than in the isolated ion, from 1.610 to 1.629 Å, and (iii) the N-S bond involving the nitrogen of the pyridine ring is much more longer, 2.460 Å, than in pyridine N-thioxide ions (1.731 Å). The second complex, 1B
•ϩ , obviously represents the consecutive step in the S
•ϩ transfer to pyridine with a longer N(ClCNS)-S bond, 2.680 Å, and a shorter N(pyridine)-S bond, 1.759 Å. In this species, the cyanogen chloride molecule belongs to the same plane as the pyridine ring, see Figure 4 . The main collision-induced decomposition of m/z 111 and 171 ions, namely the losses of a sulfur atom and of cyanogen chloride respectively, were calculated to require 518 and 373 kJ mol Ϫ1 , and, therefore, m/z 111 and 171 ions, produced in the quadrupole, do not possess enough energy to decompose and are then observed.
It is obvious, from the energetic data presented in Figure 3 and Table 2 , that the explanation of the different efficiencies of both reactions is not straightforward. This discrepancy probably originates from kinetic reasons. Indeed, the cycloaddition reaction representing a more complex pathway with bond formation, bond dissociation, cyclization. . . is likely to involve lower frequency factor transitions than the ionized sulfur transfer process and, as a consequence, is kinetically disfavored. [21] is in keeping with the observation of a very efficient charge exchange process (33% of the main beam ϩ 57% for protonated pyridine). When energetically allowed, the charge exchange reaction is known to present a very high efficiency because the measured reaction rate can be very close to the collision rate constant [27] . As a consequence, other reactions (even energetically competitives) can be kinetically occulted. In the present case, the reactions leading to m/z 105, 111 and 162 ions, are accordingly disfavored although they are more exothermic. It is also important to mention that, relative to the previous case, both the reactions leading to m/z 105 and 162 cations are less efficient when compared to the S
Ion-molecule Reactions between NC-C §N
•ϩ transfer reaction, see Table 1 and Figure 5a . The CA spectrum of the m/z 162 cations, see Figure  5b the loss of cyanogen (m/z 110), (iii) the loss of pyridine-2-thyil radical (m/z 84) and (iv) the loss of NCCNS (m/z 78). The correspondence between these collision-induced reactions and those observed starting from the chlorinated species strongly suggests a structural analogy. Again, ab initio calculations reveal that cyanothiazolopyridinium, 3 ؉ , is a minimum on the potential energy surface, see Figure 4 . The potential energy diagram corresponding to the ion-molecule reactions is represented in Figure 6 . In the present case, we limited ourselves to the calculation of the reactants and the products. Again both reactions are calculated to be exothermic with the ionized sulfur atom transfer reaction being energetically the most favorable process (344 vs. 300 kJ mol Ϫ1 ). Both ionmolecule reactions products are stable against decomposition since the fragmentations require about 339 and 518 kJ mol -1 , respectively for the loss of cyanogen from 3 ϩ , and the loss of sulfur from 1 ϩ , see Figure 6 .
Ion-molecule reactions between CH 3 -C §N
ϩ -S
•
Radical Cations and Pyridine
The CH 3 -C §N ϩ -S •ϩ radical cations were prepared by carbon disulfide chemical ionization of acetonitrile [28] . CS 3 •ϩ ions were the reactive intermediates in this process [28, 29] . The reactivity of acetonitrile N-sulfide ions towards pyridine is found quite different in this last case, see Table 1 . First, no cycloaddition ion-molecule reaction product is detected (expected mass-to-charge ratio at 151). However, this reaction is again calculated to be exothermic, Ϫ100 kJ mol Ϫ1 (Table 2) . Secondly, accordingly to the relative ionization energies, 9.25 eV for pyridine and 8.44 eV for CH 3 CNS [30] , the charge exchange product, namely ionized pyridine, is not observed. Therefore, the intense signal recorded at m/z 80 and corresponding to protonated pyridine truly originates from a protonation reaction of pyridine by the mass-selected reactive ions. The second observed reaction is the ionized sulfur atom transfer leading to 1 ϩ cations. This reaction is calculated to be 115 kJ mol Ϫ1 exothermic, see Tables 1 and 2 . The absence of the m/z 151 signal can be explained on the basis of kinetic reasons: both the protonation and ionized sulfur atom transfer are too efficient and then probably consume the majority of the mass-selected reagent ions.
Conclusions
Ionized nitrile sulfide, R-C §N ϩ -S •ϩ , react with neutral pyridine (i) by ionized sulfur atom transfer and (ii) by an addition-hydrogen-atom elimination sequence of reactions respectively yielding ionized pyridine N-thioxide and a thiazolopyridinium cation. Both processes were experimentally studied using a large scale six sectors hybrid instrument presenting a sector-quadrupole-sector original geometry. The reaction pathways were then theoretically explored using ab initio calculations. Whereas the S
•ϩ transfer reaction probably involves the intermediacy of two ion-molecule complexes, the thiazolopyridinium ion formation is likely to be initiated by an electrophilic attack of the R-C ϩ ¢N-S
• ion on the lone electron pair of pyridine, leading to a C-N bond formation. This intermediate can then undergo an intramolecular radicalar substitution of an ␣-hydrogen atom by the sulfur radical moiety, resulting in the formation of the bicyclic thiazolopyridinium cation. This process was qualitatively shown to be kinetically disfavored compared to the pyridine-S ions formation. 
